A granular level model of the magnetic properties of coupled ferromagnetic/antiferromagnetic layers is used to calculate the temperature dependence of the exchange bias. The predicted results are in good qualitative agreement with experiment. Agreement with experiment requires the introduction of the temperature dependence of the auisotropy constant of the antiferromagnetic layer.
I. INTRODUCTION
Exchange coupled ferromagnetic (F)/antiferromagnetic (AF) bilayers are important components of read sensors for magnetic recording, providing a bias for the pinned layer of the sensor. Thermal stability of the AF layer is necessary for the operation of the device. The AF layers generally consist of small grains, and thermal stability is achieved through the anisotropy energy barrier, KAFV, of the AF grains. Consequently the auisotropy constant KAF of the AF layer is an important material property. This quantity is often investigated by measurement of the blocking temperature TB of the AF layer, which for vibrating-sample magnetometer measurement time scales is taken as T B =K AF V!25k; thus, measurement of TB and the grain volume V allow the determination of K AF. The blocking temperature can be measured from the temperature dependence of the exchange field He; however, . repeated cycling around hysteresis loops at increasing temperatures is subject to the training phenomenon which affects the measured values of He (T) . Recent measurements l show that it is possible to determine He(T) in a "trainingfree" measurement procedure in which hysteresis loops are measured at the same (thermal activation free) low temperature after raising the system to increasingly high temperatures, which reverses part of the AF layer in the exchange field from the ferromagnet. During this procedure, HiT) changes sign and the blocking temperature is determined as HiTB)=O. Recently,2,3 we have used a computational model to study thermal instability of exchange bias. In particular, we investigated the temperature dependence of the exchange field and coercivity2 and the angular dependence of magnetic properties? Each investigation involved the application of conventional histories of temperature and field. In this paper, we present a computational model of the temperature dependence HeCT) in the training-free approach described in Ref. showing that the energy barrier distribution of the AF layer has a nontrivial temperature dependence, which significantly affects the thermal stability of the AF layer at elevated temperatures. In addition, it is shown that the measured value of the blocking temperature TB is dependent on the strength of the interlayer exchange coupling.
COMPUTATIONAL MODEL
The model is essentially that described in detail in Refs. 2-4. The model is based on Monte Carlo techniques and is capable of predicting the time and temperature dependence of the magnetic properties as required for the current investigation. The F/AF layers are modeled by sets of grains coupled (as appropriate) by magnetostatic and exchange interactions. The microstructure of each layer is created using a Voronoi construction. The microstructure of the F and AF layers is taken to be the same. Each grain is then assigned an anisotropy field from a log-normal distribution function. The F layer is treated in a standard micromagnetic model, with the cell size being the grain size. The magnetic state is determined via minimization of the total energy, comprised of exchange, auisotropy, magnetostatic, and Zeeman terms. Minimization is achieved using a conjugate gradient solver. The AF layer is relatively magnetically "hard" which of course is necessary to provide the stable exchange bias. As a result, the AF layer is treated using a kinetic Monte Carlo method. All grains have an intrinsic energy barrier determined by the anisotropy constant and grain volume in addition to the orientation of the grain with respect to the local magnetic field. The model used here allows thermally activated magnetization reversal with a probability based on the Arrhenius-Neel law,5 with a numerical solution for stationary states and the Pfeiffer approximation 6 to the energy barrier. The AF grains are subjected to an exchange field from the neighboring grain in the F layer. 
where M is the AF sublattice magnetization (here, calculated using mean-field theory) and n is an exponent here taken as 3. The simulation couples the FM and AF layers via and exchange field calculated as follows. The interlayer exchange 
We now calculate the energy barrier of the AF grains. The energy of the AF grains is
EAF=-adKAF(e· mAF)2 -J:flCmF' mAF (4)
where e is the easy direction of the AF grain and d is the thickness of the AF film. Normalizing with respect to 2KAI£ld and using Eq. (3), we can write Eq. (4) as 
Ill. RESULTS
We first calculate the temperature variation of the exchange bias He. This is done following the training-free measurement procedure l on a biased AF layer.
(1) Go to a low temperature T z such that thermal effects are unimportant and measure the hysteresis loop. This first cycle is done twice in order to remove any "athermal" training effect. (2) The material is then cycled to negative saturation of the FM layer. (3) Here the temperature is raised to some temperature T. (4) The temperature is then lowered to T z where a hysteresis loop is measured. From this, the exchange field Hexch is measured.
This procedure is repeated as a function of T, leading to measurements of the temperature dependent exchange bias field H exch (1). Figure 1 shows the calculated variation of He with T and H:t for a system with a grain diameter of 6 nm, and an anisotropy constant K AF =3 X 10 6 erg/cm 3 with a log-nortnal distribution with standard deviation u=O.3. The AF layer has a Neel temperature of TN=500 K. The results are in good qualitative agreement with experiment, with reasonable values for the blocking temperature TB' It is interesting to note that the value of TB is predicted to decrease with the exchange coupling between the layers as represented by H~nt. This point will be discussed further later, but first we consider the effect of the temperature dependence of K AF . Figure 2 shows the calculations for the same physical parameters as 1 with the exception that KAF remains constant (temperature independent). In order to highlight the effect of the temperature variation of K AF , Fig. 2 shows the exchange field normalized to the zero temperature value for each value of H:t. It can be seen that the form of Hi1) assuming constant KAF is asymmetric for small H:t, which is not the case for the data of Fig. 1 , which are calculated taking into account the temperature variation of K AF .
The temperature variation of He involves the switching of the direction of the AF spins from the negative to the positive direction. For a constant K AF , the AF spins are not switched (for low values of H:~ even at temperatures as high as 400 K. However, the temperature variation of KAF lowers the energy barrier sufficiently to allow switching at high temperatures, contributing to the complete reversal of the exchange field observed experimentally. 1 We note also that extremely large values of H~nt also lower the energy barrier sufficiently to allow complete reversal.
We now return to the dependence of the blocking temperature on H~t. This dependence suggests that the temperature at which HeCI)=O does not define the intrinsic blocking temperature T B =25kT=K AF . This is because the energy barrier of the AF grains is dependent on the exchange field from the F layer. This we define the temperature at which He(T) = 0 as the "apparent" blocking temperature, which we now investigate with a simple sernianalytical model. On raising the temperature to the activation temperature T M, the critical energy barrier becomes E~(heff)=25kTB/(I -heff)' At T M , all AF spins with energy barriers <~(heff) are switched into the positive direction, as a result of which it is straightforward to show that ( f E;(heff) )
where f(E B ) is the energy barrier distribution function. The blocking temperature is defined as the temperature at which He(T)=O, from which by definition ~(heff)=Em' where Em is the median energy barrier. Consequently, E m =25kT B /(1 -heff)2, from which the apparent value of blocking temperature is
and the apparent blocking temperature decreases with H~t, as shown by the numerical calculations. Figure 3 shows the variation of 'rs (normalized to TB) with H~nt for various particle diameters. KAF is taken as monodisperse since as will be shown shortly the simple model fails for wide energy barrier dispersions. According to Eq. (7), 'rsITB should simply scale with (I -heff)2, independent of the grain diameter. The superposition of the grain Taft. size data in Fig. 3 confirms this prediction. In Fig. 3 , we also give a fit to Eq. (7). The fit is reasonable using a value of ~f=5.5 kOe. This is rather smaller than the actual value of H'k ff =7.5 kOe, which is probably due to the in-plane randomly oriented easy axis distribution in the computational results as opposed to the assumption of aligned easy axes of the analytical model. Finally, Fig. 4 shows the variation of the numerically calculated apparent blocking temperature 'rs (normalized to the intrinsic blocking temperature TB) with H~nt for various particle diameters. In this case, KAF has a standard deviation of 0"=0.5. Clearly, as the grain size increases, the superposition of the grain size data fails for the numerical model, in contrast to the case shown in Fig. 3 . The reason for this is not yet understood and is the subject of further investigation.
IV. SUMMARY
We have used a model of an exchange coupled FI AF bilayer to investigate the variation of exchange field with temperature. The model gives good agreement with experiment and reasonable blocking temperatures TB for the assumed K AF value of 3 X 10 6 erg/ cm 3 • It is predicted that the apparent value of TB depends on the strength of the intrinsic interlayer exchange coupling due to the reduction of energy barriers. However, the measured values of TB will be only weakly affected for normal values of exchange coupling strength.
